Alterations in cerebral blood flow (CBF) may play an important role in the pathophysiology of neurodegenerative disorders such as Huntington's disease (HD). While a few reports have suggested reductions in CBF in HD, little is known about their extent and whether, or how, they might be related to atrophy and to clinical symptoms. We used pulsed arterial-spin labeling MRI in conjunction with high-resolution anatomical MRI to non-invasively measure regional CBF in 17 early stage HD subjects and 41 age-and gender-matched healthy controls. We found profound yet heterogeneous CBF reductions in the cortex, extending to the sensorimotor, paracentral, inferior temporal and lateral occipital regions, with sparing of the neighboring postcentral gyrus, insula and medial occipital areas. As expected, CBF in subcortical regions was also profoundly reduced, and to a similar degree. Unexpectedly, however, the association between CBF reductions and regional atrophy was complex, the two being directly associated in certain areas but not with others. In contrast, CBF was associated with performance on the Stroop, suggesting a potentially important role for alterations in CBF in cognitive deficits in HD. The work described here may have broad-reaching implications for our understanding of HD pathogenesis, progression and emerging therapies.
Introduction
Alterations in cerebral blood flow (CBF) have been described in brain aging and in several neurodegenerative disorders, including Alzheimer's disease (AD) (Iadecola, 2003; Tosun et al., 2010 ), Parkinson's disease (PD) (Borghammer et al., 2010; Théberge, 2008) and Huntington's disease (HD) (Harris et al., 1999; Ma and Eidelberg, 2007) , suggesting important and likely early commonalities in otherwise distinct pathophysiological processes. For instance, in AD, perturbations in microvascular flow, believed to be related to the over-expression of amyloid precursor protein, have been shown to precede the development of neuronal dysfunction, leading to speculations that alterations in CBF may play important roles in both progression and clinical expression.
HD is a progressive neurodegenerative disorder which causes severe cognitive dysfunction, psychiatric disturbances and a movement disorder characterized by the presence of involuntary movements as well as altered motor control. In HD, the accumulation of a mutant form of "huntingtin", a protein of unknown function found heterogeneously in neurons throughout the brain, sets in motion a cascade of pathological events that eventually lead from neuronal dysfunction to neuronal death. Perturbations in cerebral glucose consumption (CMRglu) have been shown both with positron emission tomography (PET) (Ciarmiello et al., 2006b; Feigin et al., 2001; Kuwert et al., 1993) and single-photon emissions computed tomography (SPECT) (Sax et al., 1996) in early HD, beginning during the motor premanifest period, suggesting a potential role of altered cerebral blood flow in the pathophysiology of HD. In addition, several studies, primarily using SPECT (Aylward et al., 1997; Ciarmiello et al., 2006b; Deckel et al., 2000; Harris et al., 1999; Hasselbalch et al., 1992; Hobbs et al., 2009; Jernigan et al., 1991; Jurgens et al., 2008; Kassubek et al., 2005; Selemon et al., 2004; Sotrel et al., 1991; Wild et al., 2009) , or X-ray computed tomography (CT) have also suggested alterations in both cortical and subcortical CBF. However, both SPECT and CT provide relatively low spatial resolution and/or tissue contrast. We hypothesized that alterations in CBF might in fact be more extensive but reflect the regional selectivity that has been previously reported in HD, affecting both the basal ganglia and select cortical regions (Aylward et al., 1997; Ciarmiello et al., 2006b; Deckel et al., 2000; Harris et al., 1999; Hasselbalch et al., 1992; Hobbs et al., 2009; Jernigan et al., 1991; Jurgens et al., 2008; Kassubek et al., 2005; Selemon et al., 2004; Sotrel et al., 1991; Rosas et al., 2008; Wild et al., 2009) . It is noteworthy that those cortical regions suggested to degenerate early in HD are precisely those known to have high energetic demands, including primary cortical regions Jech et al., 2007; Rosas et al., 2003 Rosas et al., , 2008 Stoffers et al., 2010) ; as such, even minor perturbations in CBF would potentially result in increased susceptibility to oxidative stress. Indeed, reductions in CBF have been shown to enhance oxidative stress, which then may further promote formation of radicals and neurodegeneration (Browne and Beal, 2006; Browne et al., 1999; Deckel et al., 1998 Deckel et al., , 2000 Gonzalez-Zulueta et al., 1998; Reijonen et al., 2010; Squitieri et al., 2003; Underwood et al., 2010) .
In this work, we used a novel, non-invasive pulsed arterial-spin labeling (PASL) magnetic resonance imaging (MRI) technique to evaluate regional blood flow in HD and healthy controls, and to examine their relationship with regional atrophy. PASL provides superior spatial resolution and sensitivity relative to traditional techniques, and permits the acquisition of perfusion data in the same session as high-resolution anatomical MRI. Our data demonstrate that alterations in cerebral perfusion are indeed topologically distinct and appear to be substantively independent of tissue atrophy. The presence of early perfusion deficits in regions with no associated measurable atrophy suggests an important role of perfusion abnormalities in the pathophysiology and regional selectivity of HD, and may be an important consideration for the development of novel HD therapeutics.
Materials and methods

Participants
Seventeen individuals with clinically diagnosed early Huntington's disease (HD, age = 50.3 ± 5.5 years) and forty-one age-matched healthy controls (CTL, age = 50.0 ± 5.8) were imaged (see Table 1 for demographic information). HD participants were recruited through the Massachusetts General Hospital (MGH) Movement Disorders Clinic; controls were recruited from the MGH and local community. HD participants were assessed by a neurologist with expertise in HD (HDR). A diagnosis of HD was based on the presence of an unequivocal movement disorder as well as a positive family history and known CAG repeat expansion. Disease severity was assessed through the total functional capacity (TFC), measured from the Unified Huntington's Disease Rating Scale (UHDRS) (Huntington Study Group, 1996) . Controls were healthy, and had no history of neurological or psychiatric symptoms. All study protocols were approved by the Massachusetts General Hospital Internal Review Board (IRB), and the experiments were performed with the understanding and written consent of each participant, according to IRB guidelines.
MRI acquisition
All images were acquired using a Siemens Magnetom Trio 3 Tesla system (Siemens, Erlangen, Germany). The scans employed 12-channel phased-array head coil reception and body-coil transmission. The total scan time was~50 min. A 3D T1-weighted scan was acquired using multi-echo MPRAGE (van der Kouwe et al., 2008) , with 1 mm inplane resolution, TR= 2530 ms, TI= 1000 ms, TE= 1.64, 3.50 5.36 and 7.22 ms, FOV = 256×256 mm (sagittal), matrix size = 256 × 192, 175 slices, slice thickness = 1.33 mm, bandwidth = 651 Hz/pixel, GRAPPA acceleration factor of 2.
Two pulsed arterial-spin labeling (PASL) datasets were obtained for each subject using the FAIR QUIPSS II technique (Wang et al., 2002) . This permitted the assessment of across-run repeatability in all subjects. A slice-selective frequency-offset corrected inversion (FOCI) pulse was applied during tag and control, the latter scan acquired in the absence of slab-selective gradients. The tag and control labeling thicknesses were 140 mm and 340 mm, respectively, leaving 100 mm margins at either end of the imaging slab to ensure optimal inversion profile. The QUIPSS II saturation pulse was applied to a 100 mm slab inferior to the imaging region with a 10 mm gap between the adjacent edges of the saturation and imaging slabs. Flow crusher gradients were applied with a threshold of 100 cm/s. Other imaging parameters were: 64 × 64 matrix, 24 slices, with a voxel size = 3.4 × 3.4 × 5 mm 3 . Two PASL acquisitions of 104 frames were acquired for each subject using a TI1 of 600 ms and TI2 of 1600 ms, chosen to accommodate a wide range of flow rates. The scans used a repetition time (TR) of 4 s, and an echo-time of 12 ms, made possible by the current implementation of ¾ partial Fourier echo-planar imaging (EPI) readout, which enabled the minimization of BOLD effects and the reduction of susceptibility-related geometric distortions. The acquisition time per slice was 42 ms. A 2D gradientecho EPI sequence of the same TE and spatial resolution was used in a calibration scan (with TR set to 10 s) to estimate the equilibrium magnetization of arterial blood.
Data processing
Quantitative CBF computation
The raw PASL time-series were motion-and drift-corrected using FLIRT registration software (publicly available at http://fsl.fmrib.ox.ac. uk/fsl/flirt), and subsequently divided into 52 tag-control pairs for each acquisition. To minimize BOLD-contamination, the tag-control difference images were calculated using surround subtraction (Lu et al., 2006) . Longitudinal (T1) relaxation due to the slice-dependent transit delay was also compensated based on the per-slice acquisition time. The PASL volumes were then averaged across all frames and datasets to maximize signal-to-noise, and subsequently quantitative CBF maps were obtained according to the single-compartment Standard Kinetic Model (Buxton et al., 1998; Wang et al., 2002) . The equilibrium arterial-blood magnetization was computed as the intensity in the calibration scan adjusted for longitudinal (T 1 ) and transverse relaxation (T 2 *) differences as well as blood-tissue water partition coefficient (λ). Typical values for proton density, λ, T 1 and T 2 * were assumed for all gray matter based on prior literature, as described in (Cavuşoğlu et al., 2009 ). The labeling efficiency was assumed to be 98% (Wong et al., 1998a) ; the mean CBF estimation reliability was greater than 93%, with no significant variation across cortical and subcortical structures.
Structural analysis and cortical thickness computation
All structural image pre-processing steps were performed on the root-mean-square reconstruction of the multi-echo MPRAGE images using the FreeSurfer image processing and analysis package (publicly available at http://surfer.nmr.mgh.harvard.edu), as has been described previously Rosas et al., 2008; Salat et al., submitted for publication). The procedure includes removal of non-brain tissue using a hybrid watershed/surface deformation procedure (Segonne et al., 2004) , automated transformation into the MNI152 standard space, intensity normalization (Sled et al., 1998) , tessellation of the gray matter white matter boundary, automated topology correction (Segonne et al., 2007) , and surface deformation following intensity gradients to optimally place the gray/white and gray/CSF borders at the location Table 1 Participant demographics and clinical-psychological scores (mean ± standard deviation). (HD = Huntington's patients; CTL = healthy controls; M = men; W = women; CAG = cytosineadenine-guanine; Stroop= UHDRS Stroop colour-word score; TFC = total functional capacity). where the greatest shift in intensity defines the transition to the other tissue class (Fischl and Dale, 2000) . Estimates of cortical thickness, calculated as the closest distance from the gray/white boundary to the gray/CSF (cerebrospinal fluid) boundary at each vertex on the tessellated surface (Fischl and Dale, 2000) , as described previously. In addition, cortical and subcortical regions of interest were delineated as described previously (Fischl et al., 2004b) .
Group analyses
The PASL data were resampled to 1 mm 3 spatial resolution and registered to the native-space anatomical images using boundary-based registration (Greve and Fischl, 2009 ). The mid-frame of the motionand drift-corrected PASL time-series was chosen as the template image. ASL-to-anatomical registration was performed by minimizing the misalignment between the cortical gray-white boundaries in the anatomical and PASL template images through 6-12 degree affine transforms. This method is minimally sensitive to differences in contrast and intensity non-uniformity in the two datasets, and the procedure benefited from the minimization of geometric distortions in the PASL images owing to the use of the short-TE partial-Fourier acquisition. This method has been shown to provide reproducible CBF estimates across runs ).
To facilitate group-analysis, the anatomical-registered PASL data were sampled onto the spherical surface, at a depth of 50% into the cortical ribbon. This approach minimized the inclusion of voxels contaminated with white-matter or CSF. Group-mean CBF maps were generated using non-rigid high-dimensional spherical averaging (Fischl et al., 1999 ). General linear model-based statistical tests were performed based on smoothing along the surface using a circularly symmetric Gaussian kernel with a full-width at half-maximum (FWHM) of 10 mm, and the results were corrected for multiple comparisons using Random Field Theory (Hagler et al., 2006; Worsley et al., 2004) .
To evaluate the relationship between regional reductions in CBF and cortical atrophy, spatial overlap maps were generated. Significant effects of HD were computed using t-tests, and that of the inter-group comparisons were all performed using multi-factorial analysis of variance (ANOVA), with gender as a covariate.
The cortical regions exhibiting the most significant HD-induced CBF decrease were demarcated for individual ROI analysis; CBF and cortical thickness changes were compared within this set of regions. Subcortical gray-matter structures were individually segmented in native space, as described previously (Fischl et al., 2004a,b) , and their respective mean CBF values extracted in both hemispheres. All structural volume measures were corrected for estimated total intracranial volume using the atlas-scaling and covariance approach (Buckner et al., 2004 ). All (a) CBF in HD subjects (left) was on the average of 48.4± 12.5 ml/100 g/min over the entire cortex, markedly lower than CBF in controls (right), averaging 62.9± 9.7 ml/100 g/min. (b) Left: CBF was significantly reduced in the HD group (shown in blue) relative to the control population (adjusted for multiple comparisons). CBF was primarily compromised in the superior frontal, insular, lateral occipital and posterior cingulate regions, with the inferior temporal and medial occipital cortical regions comparatively "spared". Right: Ratio between the mean CBF in the HD and control groups, showing regional CBF to be reduced by as much as 50% in the HD group.
segmented ROI masks were eroded by 1 mm around the perimeter to minimize partial-volume contamination. Mean CBF values across ROIs were computed in native space, and compared between HD and control (CTL) participants, using structural volume as a covariate.
Results
Quantitative cortical CBF measurements for HD subjects and the age-and sex-matched control group (CTL) were generated in multislice mode (see Supplementary materials), and mapped onto cortical surface models (Fig. 1a) . In order to account for the potential contribution of partial volume effects on PASL measurements, the cortical thickness at each vertex was regressed out. Even following this step, significant reductions in CBF were still present in superior frontal, insular, paracentral, lateral-temporal and lateral-occipital areas, suggesting at least some independence between the two measures (Fig. 1b, left) . HD subjects demonstrated CBF reductions of as much as 50% relative to controls (Fig. 1b, right) . Fig. 2 . Region-of-Interest (ROI) analysis in regions found to be the most affected in HD. While the normative resting CBF varies across the cortex, a similar degree of proportionate CBF reduction in HD was observed across all ROIs. The error bars represent standard error, and significant differences are denoted by asterisks (p b 0.05). In many ROIs, reductions in cortical CBF in HD subjects exceed the degree of concurrent cortical thinning in the same regions, suggesting that the two were not entirely associated. The error bars represent standard error, and significant differences are denoted by asterisks (p b 0.05).
Table 2
Group-mean CBF and cortical thickness measurements (mean ± standard deviation) in the cortical ROIs found to be most affected in HD subjects. CBF differences between patients and controls in the most affected cortical regions are summarized in Fig. 2a . While the normative resting CBF appeared to vary across the cortex in both HD and controls, CBF in HD subjects appeared to be proportionately reduced across all ROIs. This was further supported by the HD/CTL CBF ratios, which did not vary significantly across the ROIs (Fig. 2b) , but which consistently demonstrated that reductions in CBF exceeded the magnitude of concurrent cortical thinning (as the ratio of HDs to CTLs was lower for CBF than for thickness). CBF values for respective ROIs and the corresponding significance values are summarized in Table 2 .
CBF
The overall distribution of relative "association" and "dissociation" between CBF and cortical thinning are better illustrated by the conjunction/disjunction analysis in Fig. 3 . CBF reduction and cortical thinning were directly associated in superior frontal, precentral, lateral occipital and posterior cingulate regions. However, the two appeared to be dissociated in the postcentral gyrus and the insula. Likewise, in the lateral occipital lobe as well as portions of the temporal and cingulate cortices, thinning was significant without a corresponding reduction in CBF.
CBF in the HD group was also significantly reduced in the caudate, putamen, but paradoxically elevated in the pallidum relative to the controls (Fig. 4a , pb 0.001 in all cases). The results are detailed in Table 3 . There were no differences in CBF between HDs and controls in the thalamus, amygdala or hippocampus. As expected, significant volume reductions were present in HD subjects in the caudate, putamen, pallidum, thalamus, amygdala and hippocampus; in these regions, percent volume loss generally exceeded percent CBF reduction in HD (Fig. 4b) .
We also evaluated the relationship between CBF and scores on the UHDRS cognitive battery. We found a significant direct correlation between CBF (not thickness) and performance on the UHDRS Stroop Colour Word, suggesting that early changes in CBF may play an important role in cognitive dysfunction in early HD (Fig. 5) . In contrast, no significant association was observed between CBF and the CAG repeat length (Ravina et al., 2008) .
Discussion
Using PASL, a novel, non-invasive quantitative perfusion imaging technique new to clinical applications (Detre et al., 2009) we found significant hypoperfusion in the HD group over much of the cortex. In some regions, including the frontotemporal, sensori-motor, occipital and cingulate areas, the maximum reduction in CBF reached 50% of control CBF values, while less significant reductions were associated with the insular and precuneal regions. Both the magnitude and the distribution of reductions in CBF in our HD subjects exceed those reported previously using SPECT and CT (Hasselbalch et al., 1992; Tanahashi et al., 1985; Weinberger et al., 1988) . CBF estimates in controls are consistent with values in the PET and MRI literature (Calamante et al., 1999; Çavuşoğlu et al., 2009; Leenders et al., 1990; Shin et al., 2007) , and particularly with prior findings using PASL (Wong et al., 1998a,b; Ye et al., 1997; Zou et al., 2009 ) and CASL (Lee et al., 2009; Zou et al., 2009 ) supporting the validity of our findings.
A more complicated pattern of perfusion abnormalities was present in the striatum. While CBF was reduced in both the caudate and putamen, as has been reported previously (Deckel et al., 2000; Ginovart et al., 1997; Harris et al., 1999; Hasselbalch et al., 1992; Ma and Eidelberg, 2007; Tanahashi et al., 1985) , we found a paradoxical CBF increase in the pallidum. Early changes in the pallidum have been reported, including during the motor premanifest period (Politis et al., 2011; van den Bogaard et al., 2011) . Loss of substance P and cannabinoid-1 receptors in the globus pallidus (Allen et al., 2009 ) modulate increases in GABA (gamma-aminobutyric acid) receptors (both GABA A and GABA B ) in response to the loss of GABAergic neurons in the globus pallidus in HD, and GABA levels have been found to inversely correlate with BOLD reactivity (Donahue et al., 2010) . Hence, increases in CBF in the pallidum may reflect early loss of GABAergic neurons. However, our observation may also reflect an interesting compensatory response in the pallidum in face of striatal hypoperfusion. It is noteworthy that the cortical ROIs and in basal ganglia demonstrated similar levels of CBF reduction.
Of further note, cortical areas with high metabolic activity relative to the global average (c.f. Buckner et al., 2005; Leenders et al., 1990) appear to be the most severely and earliest affected in HD, parenthetically demonstrating the most significant reductions in CBF. Perturbations in microvascular flow regulation, which have been shown to precede the development of neuronal dysfunction in mouse models of AD (Iadecola, 2003) , has contributed to speculations that the cerebral endothelium (potentially disrupted by amyloid deposition in AD) may serve as an endocrine organ that actively exchanges signaling mediators and trophic factors with gray and white matter (Arai and Lo, 2009; Dugas et al., 2008; Guo et al., 2008; Varga et al., 2009 ). While there have been no specific reports of effects of mutant huntingtin on the endothelium, the mutant huntingtin protein has been shown to directly affect expression and activity of endothelial nitric oxide synthase, and as such, reductions in vascular velocity and reactivity would not be entirely surprising (Deckel et al., 1998) .
Altered metabolism and its consequent excitotoxicity, together with regional hypoperfusion, may tip the balance in vulnerable neuronal populations, and contribute to neuronal death. Alterations in metabolism and energetic dysfunction are, indeed, known to occur in HD -these include primary alterations of the electron transport chain as well as impaired energy metabolism leading to mitochondrial dysfunction (Browne and Beal, 2006; Feany and La Spada, 2003; Kim et al., 2010b; Powers et al., 2007) . Reductions in glucose metabolism may reflect altered neural activity, either as a primary cause or secondary effect of hypoperfusion. In fact, metabolic disturbances, including reductions in striatal glycolysis (Powers et al., 2007) and creatine kinase have been reported in pre-manifest HD subjects (Kim et al., 2010a) . In addition, the bilateral hypoperfusion in the striatum, cingulate and temporal regions coincide with decreased glucose metabolism measured in the Fig. 3 . Regional associations and dissociations between CBF and cortical thickness reductions in HD. CBF reductions were present across the cortical mantle, most prominently in the medial superior-frontal cortex, superior temporal gyrus and selectively in the occipital lobe. CBF reduction (red) and cortical thinning (orange) were associated (overlap shown in yellow) in the superior frontal, precentral, lateral occipital and posterior cingulate regions. On the other hand, spatial mismatches between the CBF and cortical thickness effects were evident in the insula, medial frontal and postcentral gyri as well as the lateral occipital lobe. same regions using PET (Antonini et al., 1996; Ciarmiello et al., 2006a; Ma and Eidelberg, 2007; Powers et al., 2007) , and could in part account for decreases in dopamine transporter binding (Ginovart et al., 1997) .
We noticed that the distribution of reduction in CBF was not always accompanied by significant regional atrophy. This was particularly evident in the motor cortex, insula, precuneus, cingulate and lateral occipital cortices. In other cortical regions, including the medial superiorfrontal cortex, superior temporal gyrus and medial occipital lobe, regions previously reported as significantly thinned in HD (Rosas et al., 2008) , both CBF reduction and atrophy were observed; however, reductions in CBF far exceeded the degree of cortical atrophy. These observations may suggest that there is a dissociation between neurodegeneration and hypoperfusion, and that in other areas, hypoperfusion may reflect early neuronal dysfunction prior to measurable atrophy (Nopoulos et al., 2010; Rosas et al., 2008) . However, the degree of tissue volume loss exceeded reductions CBF in temporal and occipital cortices as well as in the striatum suggesting potentially independent structural and vascular pathologic mechanisms at work. Clearly, longitudinal evaluation of how perfusion changes over the course of disease, beginning during the pre-manifest period, could facilitate our understanding of the relative contributions of reductions in CBF to neurodegeneration and to early clinical symptoms in HD.
Reductions of CBF in the insula and precuneus have not been demonstrated previously in HD. It is of note that these regions have been associated with memory and emotional processing, domains that are significantly affected in HD (Ruocco et al., 2010; Walker, 2007) , supporting a potentially important role of reduced cerebral perfusion in early emotional and cognitive deficits, which has thus far been poorly explained by measurable atrophy. We indeed found a significant association between performance on Stroop Colour Word (Lemiere et al., 2004; Rosas et al., 2005) , and reductions in CBF, but not cortical thickness, in Fig. 4 . CBF alterations in the basal ganglia, thalamus, amygdala and hippocampus. HD-related CBF reduction was present in the caudate and putamen. Paradoxically, pallidal CBF was elevated in the HD group. The degree of CBF reduction in the basal ganglia was comparable to that found in the cortical ROIs. The error bars represent standard error, and significant differences are denoted by asterisks (p b 0.05). In the majority of subcortical gray-matter structures, the fractional loss of tissue volume exceeded the percent CBF reduction in the HD population. The error bars represent standard error, and significant differences are denoted by asterisks (p b 0.05). regions that have been shown to be functionally associated with this task (Adleman et al., 2002) , suggesting an important role of altered CBF in some of the cognitive deficits in HD. However, much remains to be done to fully elucidate the association between alterations in CBF and neuronal dysfunction in HD. MRI strategies combining morphometric and diffusion-based data are also promising ways to probe brain dysfunction in HD, and will be employed in our future studies to elucidate the disease mechanism. The work presented here is novel for several reasons. The methods used in this study reflect a significant advance over the conventionally used approaches. Using a surface-based algorithm in native space permitted the minimization of partial-volume related confounds, which have been widely associated with PASL perfusion measurements, and also permitted appropriate and accurate intravoxel evaluation of the effect of atrophy on CBF measures. More importantly, this is the first study to examine the relationship between perfusion and tissue integrity in HD; a similar "uncoupling" has been demonstrated in AD, suggesting a potential common mechanism in neurodegenerative diseases (Tosun et al., 2010) . Nonetheless, the current method does not involve an explicit correction for partial-volume effects in ASL, which is an area of active research in both ASL and PET literature (Asllani et al., 2008; Aston et al., 2002; Tosun et al., 2010) . Finally, future studies will involve larger cohorts, as well as target longitudinal validation of the current findings in pre-symptomatic gene carriers.
Our perfusion measurements were obtained using PASL, which has been known to be sensitive to arterial transit delay, which may be lengthened in HD pathology. In addition, in the healthy brain, inferior regions are reportedly associated with longer transit delays than the superior half (Qiu et al., 2010) , while relatively long delays have consistently been observed in select brain areas, including the frontal and occipital lobes (MacIntosh et al., 2010) . As these factors are important determinants of CBF accuracy, our PASL parameters were chosen to minimize velocity-related bias. Specifically, a relatively short TI 1 of 600 ms facilitated the minimization of bolus-width sensitivity even for rapid flow, common to younger subjects, while a TI 2 of 1600 ms exceeds the longest gray-matter transit delay (cortical and subcortical) expected in healthy adults (Qiu et al., 2010) , accommodating the slower flow which may be expected in certain older adults.
Furthermore, the cortical and subcortical CBF reduction patterns in aging observed in this study differ spatially from the patterns of transit delay heterogeneity. Thus, it is not likely that the observed effects are driven primarily by acknowledged PASL-related artifacts and biases, although it is possible that arterial transit times may contribute in some way to the reported effects. Additionally, PASL measures of CBF are dependent on tissue and blood T 1 and T 2 ⁎ . In particular, T 2 reductions have been observed in HD (Chen et al., 1993; . These changes have been attributed to iron accumulation. Notwithstanding, these changes were largely confined to the striatum, and with few existing studies in existence, it is unlikely that relaxation changes should decisively bias our perfusion findings. Finally, CBF and cortical thickness measurements inherently differ in their contrast-to-noise characteristics. This leads to spatially specific differences in sensitivity in CBF and atrophy measures, and should also be noted when interpreting the spatial distributions of the observed effects in a study such as this. In particular, it is well known that pulsed ASL data are SNR-challenged in subcortical white-matter, and although we limited ourselves to subcortical gray-matter structures, some of these regions are relatively more myelinated. However, we showed high cross-sessional reliability and robust HD-effects in these regions, suggesting that limited SNR was not a substantial confound here. An additional technical caveat pertains to challenges in obtaining robust tissue segmentation in certain regions of the brain (Fischl et al., 2002) , particularly given the significant iron deposition (Qian and Wang, 1998) and atrophy in HD patients, which may confound tissue classification and result in volume-estimation biases through image intensity modulations and partial-volume effects. Such inaccuracies are expected to be more significant in structures with more non-uniform intensities. However, while such effects warrant careful interpretation of the data, they should be negligible in the majority of structures examined.
Summary
In summary, the current study provides a direct measure of HDassociated alterations in cerebral perfusion at an unprecedented level of spatial detail. This work highlights that reductions in cerebral perfusion appear to be "uncoupled" from HD-related brain atrophy, and provides support for a role of regional hypoperfusion in neuronal dysfunction and early clinical symptoms. A great deal more work is necessary in order to fully elucidate the role of regionally selective alterations in CBF and HD pathology. The work described here may have broad reaching implications for our understanding of HD pathogenesis, progression and emerging therapies.
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